Introduction {#sec1}
============

Contact lenses have been used for decades for refractive, cosmetic, and therapeutic purposes. Although contact lenses have optical and vocational benefits, they are associated with certain complications. Corneal infection is rare but is the most severe complication of contact lens wear, occurring in around 4 per 10,000 wearers per year,[@bib1] and can cause visual loss in 10% to 15% cases.[@bib1] *Pseudomonas aeruginosa* is the most commonly isolated bacterium from contact lens-related microbial keratitis.[@bib2] This may be due to its strong adhesion to contact lenses and contact lens cases compared with other microorganisms.[@bib3] *P* *aeruginosa* can also develop biofilms on these surfaces,[@bib4] which facilitates persistence of the organism.[@bib5]

Contact lens multipurpose disinfecting solutions (MPDS) are used to minimize the numbers of bacteria on lenses for the safe use of daily wear contact lenses. Daily wear is the most common wear schedule for contact lens wearers in many countries.[@bib6] However, there are reports that bacteria can become resistant to these disinfectants,[@bib7] which raises concerns about the effectiveness of these solutions. Resistance to disinfecting solutions may be due to inherent resistance associated with the cytotoxic phenotype of *P* *aeruginosa*,[@bib8] the surface charge of the bacterial cell,[@bib9] or expression of outer membrane proteins such as OprR.[@bib10] Harboring *qac* genes[@bib11] may confer resistance to disinfectants, and although this has been shown with ocular isolates of *Staphylococcus aureus*,[@bib12] this has not been seen in a limited number of strains of *P* *aeruginosa* evaluated.[@bib11] *Qac* genes can occur on class 1 integrons along with genes for antibiotic resistance; this raises concern of cotransfer of these genes amongst bacterial populations.

Various antibiotics are used for the treatment of microbial keratitis, but emerging resistance to the antibiotics[@bib13] from the possession of inherent and acquired resistance mechanisms is increasing.[@bib14] Emerging resistance of ocular isolates of *P* *aeruginosa* has been reported internationally[@bib15] with variation in their resistance profile to antimicrobials.[@bib16] Resistance may not only be associated with the possession of *qac* genes, but also with genes conferring virulence traits such as *exoU* and *exoS*.[@bib17]^,^[@bib18] Inherent resistance mechanisms include low membrane permeability, expression of efflux pumps, production of antibiotic-inactivating enzymes, and mutation of resistance genes.[@bib19] Acquired resistance occurs when genes conferring resistance are inserted into mobile genetic elements such as integron and transposons,[@bib20] which can then migrate around bacterial populations. The severity of infections caused by *P* *aeruginosa* and its ability to acquire resistance and virulence genes, giving it the potential to resist almost all antibiotic classes, increases the concerns about *P* *aeruginosa* infections.[@bib19] In the management of corneal infection, despite topical administration of antibiotics resulting in high tissue concentrations, poor clinical outcomes may occur partly from antibiotic resistance.[@bib21] The consequences of keratitis caused by multiple-drug resistant *P* *aeruginosa* can be severe and vision threatening given the limited choice of effective antimicrobials.[@bib22]

There is limited information available on the antimicrobial and disinfectant susceptibility patterns of clinical ocular isolates of *P* *aeruginosa* in Australia. Earlier studies have often used standard strains[@bib23] or only a limited numbers of clinical isolates.[@bib11] Therefore, the aim of this study was to investigate the sensitivities of ocular isolates of *P* *aeruginosa* to various antibiotics and MPDSs.

Materials and Methods {#sec2}
=====================

*P* *aeruginosa* Isolates {#sec2-1}
-------------------------

Strains of *P* *aeruginosa* isolated from contact lens-related microbial keratitis (either from corneal scrapes or contact lenses) from Queensland, Australia, between the years 2001 to 2006 were retrieved from the culture collection of the School of Optometry and Vision Science, University of New South Wales, Sydney, Australia [(]{.ul}[Table 1](#tbl1){ref-type="table"}). The strains were stored at -80°C and revived on nutrient agar (Oxoid Ltd., Basingstoke, Hampshire, UK). Isolates were then inoculated into Mueller-Hinton broth (Oxoid Ltd.) and grown at 37°C for 18 to 24 hours. The optical density of the bacterial suspension was adjusted 0.1 (1 × 10^8^ CFU/mL) at 660 nm using a spectrophotometer (FLUOstar Omega, BMG LABTECH, Germany).[@bib24]

###### 

Strains of *Pseudomonas aeruginosa* Recovered from Microbial Keratitis

  *P* *aeruginosa* Isolates   Source          Year of Isolation
  --------------------------- -------------- -------------------
  115                         Cornea                2004
  116                         Cornea                2004
  121                         Contact lens          2005
  123                         Cornea                2005
  124                         Cornea                2005
  126                         Cornea                2005
  127                         Cornea                2005
  129                         Cornea                2005
  155                         Cornea                2006
  162                         Cornea                2006
  165                         Cornea                2001
  169                         Cornea                2006
  174                         Cornea                2006
  176                         Contact lens          2004
  179                         Cornea                2006
  181                         Cornea                2006
  182                         Cornea                2004

Susceptibility to Multipurpose Disinfecting Solutions {#sec2-2}
-----------------------------------------------------

Susceptibility of the bacterial strains to four commercially available MPDS; OPTI-FREE PureMoist (Alcon, Fort Worth, TX, USA), Complete RevitaLens OcuTec (Abbot Medical Optics, Hangzhou ZJ, China), and Biotrue and Renu Advanced Formula (Bausch + Lomb, Rochester, NY, USA) ([Table 2](#tbl2){ref-type="table"}) was measured using a previously described method.[@bib24] In brief, each MPDS was serially diluted in phosphate-buffered saline (NaCl 80 g/L, Na~2~HPO~4~ 11.5 g/L, KCl 2 g/L, and KH~2~PO~4~ 2 g/L, pH = 7.2) to obtain final concentrations of 90.9%, 45.45%, 22.72%, 11.36%, 5.68%, and 2.84%. The serially diluted MPDS (200 µL) was added to wells of a microtiter plate and a 20 µL bacterial suspension was added to achieve a final concentration of 1 × 10^5^ CFU/mL. The plates were incubated for 18 to 24 hours at 37°C. Growth turbidity was measured using a spectrophotometer (FLUOstar Omega, BMG LABTECH, Germany) at 660 nm to obtain the minimum inhibitory concentration (MIC). MIC was taken as the dilution of MPDS with no visible growth. To measure the minimum bactericidal concentration (MBC), viable counts were performed (on nutrient agar plates incubated at 37°C for 18 to 24 hours) from wells at the MIC and the two next lower dilutions of MPDS. The MBC was the concentration of MPDS that gave 99.99% (3 log units) bacterial killing.[@bib25]^,^[@bib26]

###### 

Multipurpose Disinfecting Solutions

  MPDS                         Manufacturer                               Disinfectants                                                    Surfactants                                                 Other Ingredients
  ---------------------------- ------------------------------------------ ---------------------------------------------------------------- ----------------------------------------------------------- ------------------------------------------------------------------------------------------------------------
  Opti-Free PureMoist          Alcon, Fort Worth, TX, USA                 Polyquaternium-1 10 ppm, Aldox 6 ppm                             Tectronic 1304, polyoxyethylene-polyoxybutylene copolymer   Sodium citrate, sodium chloride, boric acid, aminomethyl-propanol, sorbitol, ethylenediaminetriacetic acid
  Complete RevitaLens OcuTec   Abbot Medical Optics, Hangzhou ZJ, China   Alexidine dihydrochloride 1.6 ppm, polyquaternium-1 3 ppm        Tetronic 904                                                Sodium citrate, sodium chloride, boric acid, sodium borate decahydrate, ethylenediaminetriacetic acid
  Biotrue                      Bausch +Lomb, Rochester, NY, USA           PAPB (PHMB) 1.3 ppm, polyquaternium-1 1 ppm                      Poloxamine, sulfobetaine                                    Sodium chloride sodium borate, boric acid, ethylenediaminetriacetic acid, hyaluronan
  Renu Advanced                Bausch +Lomb, Rochester, NY, USA           PAPB (PHMB) 0.5 ppm, polyquaternium-1 1.5 ppm, alexidine 2 ppm   Poloxamine, poloxamer 181                                   Sodium chloride, boric acid, sodium borate, ethylenediaminetriacetic acid, diglycine

Aldox, myristamidopropyl dimethylamine; PAPB, polyaminopropyl biguanide and is synonymous with PHMB (polyhexamethylene biguanide).

Inhibition of *P* *aeruginosa* by Disinfectants {#sec2-3}
-----------------------------------------------

Polyaminopropyl biguanide (PAPB; Novachem Pty Ltd Heidelberg West, VIC, Australia), polyquaternium-1 (Toronto Research Chemicals Inc. Toronto, ON, Canada), myristamidopropyl dimethylamine (Aldox; Toronto Research Chemicals Inc. Toronto, ON, Canada), and alexidine dihydrochloride (Cayman Chemicals, Ann Arbor, MI, USA) were used. Disinfectants were prepared as 10X stock solutions in phosphate-buffered saline. Dilutions ranging between 1% and 0.0000390% were used such that the concentration of the disinfectants present in the MPDSs were in the range tested. Two hundred microliters of disinfectant and 20 µL of the bacterial cells (final concentration of 1 × 10^5^ CFU/mL) were incubated in 96-well microtiter plates for 18 to 24 hours at 37°C to determine the MIC (as described previously). Viable plate count was performed as described to elucidate the MBC of each disinfectant.

Fractional Inhibitory Concentration of Components of MPDS by Checkerboard Method {#sec2-4}
--------------------------------------------------------------------------------

Three isolates (123, 127, and 155) were selected because of the variation in their MICs to different disinfectants (higher and lower MIC value for different disinfectants). Interactions between disinfectants were analyzed through a modified checkerboard method.[@bib27] The dual combinations tested were selected from those used in the composition of each MPDS ([Table 2](#tbl2){ref-type="table"}). The triple combination of polyquaternium-1, polyhexamethylene biguanide (PHMB), and alexidine (present in Renu Advanced) was tested with a small modification to the checkerboard assay.[@bib28] Briefly, the three disinfectants were diluted in three different directions in order of increasing concentration in the 96-well microtiter plate. So, the three disinfectants were combined in different concentrations in the wells ([Fig. 1](#fig1){ref-type="fig"}). In the 3-dimensional assay, 11 dilution steps of disinfectant A, 7 dilution steps of disinfectant B, and 6 dilution steps of disinfectant C were tested. The experiment was repeated three times, changing the position of disinfectants to check different combinations of all the three disinfectants in the Renu Advanced formula.

![MICs and MBCs of the different MPDS used in the study (mean ± standard deviation).](tvst-9-5-2-f001){#fig1}

Fifty microliters of each disinfectant were used to give a total volume of 150 µL in every well. The concentration for each disinfectant ranged between 16× MIC to 0.24× MIC. Bacterial inocula were prepared as described previously and the plates were incubated for 18 to 24 hours at 37°C to determine the combined MIC. For the evaluation of the type of the interaction between different disinfectants the fractional inhibitory concentration index (FICI) was calculated using the formula[@bib27]: $$\begin{array}{r}
{{FICI}_{A/B}\; = \;\frac{{MIC}_{A({combination})}}{{MIC}_{A({alone})}}\; + \;\frac{{MIC}_{B({combination})}}{{MIC}_{B({alone})}}} \\
\end{array}$$

For triple disinfectants, the FIC of disinfectant C was added to the above equation.[@bib28]$$\begin{array}{r}
{{FICI}_{A/B/C} = \frac{{MIC}_{A({combination})}}{{MIC}_{A({alone})}}\; + \;\frac{{MIC}_{B({combination})}}{{MIC}_{A({alone})}} + \frac{{MIC}_{C({combination})}}{{MIC}_{A({alone})}}} \\
\end{array}$$

Synergy was defined when the FICI was ≤0.5, no interaction when the FICI was \>0.5 but \<4, and antagonism when the FICI was \>4.[@bib29]^,^[@bib30]

Antibiotic Susceptibility Testing {#sec2-5}
---------------------------------

Susceptibility of antibiotics was assessed using MIC and MBC, performed following the standard protocol described by Clinical and Laboratory Standards Institute.[@bib31] The antibiotics used were ciprofloxacin, levofloxacin, gentamicin, ceftazidime (Sigma-Aldrich, USA), polymyxin B (Sigma-Aldrich, Denmark) tobramycin, piperacillin (Cayman Chemical Company, USA) and imipenem (LKT Lab Inc., USA). The concentrations tested ranged from 5120 µg/mL to 0.25 µg/mL. The different concentrations of antibiotics were achieved by diluting in Mueller-Hinton broth in the 96-well plate.

The MIC for each antibiotic was determined in 96 wells plates with 100 µL serially diluted antibiotics and 100 µL of the bacterial inocula with a final concentration of 1 × 10^5^ CFU/mL per well incubated 37°C for 18 to 24 hours. Antibiotics were diluted with Mueller-Hinton broth and bacterial cells were diluted with fresh media. The MIC and MBC were measured as described for MPDS previously. Interactions of strains with antibiotics can be described as susceptible or resistant based on Clinical and Laboratory Standards Institute[@bib31] and the European Committee on Antimicrobial Susceptibility Testing (EUCAST, 2018) breakpoints. There are no standards for interpreting topical ocular treatment or efficacy with contact lens solutions, but the serum standards can be used if it is assumed that the antibiotic concentrations in the ocular tissue and contact lens solutions are equal or greater than the antibiotic concentrations that can be attained in the serum.[@bib32]

Comparison Among Antibiotics, MPDS, and Disinfectants {#sec2-6}
-----------------------------------------------------

As mentioned, interactions of strains with antibiotics can be described as susceptible or resistant, but there are no such definitions for MPDS or individual disinfections. Therefore, for MPDS, strains with MIC greater than 10% were categorized as resistant. The 10% cutoff for MPDS is arbitrary and it cannot be used as a standard for reference for any other study. For disinfectants, those strains having MIC above what was present in the respective MPDS were considered resistant (if the disinfectant was present in more than one MPDS at different concentrations, its mean concentration was taken for this analysis).

Statistical Analysis {#sec2-7}
--------------------

The data were statistically analyzed using the Statistical Package for the IBM SPSS v25 (IBM Corp., Armonk, NY, USA). Differences between the distribution of the MICs of the bacterial isolates to MPDS and disinfectants were evaluated using Friedman\'s two-way analysis of variance. Briefly, mean ranks were calculated for each MPDS and disinfectant (a higher rank equates to a lower level of efficacy and vice versa). *P* values less than 0.05 were considered as significant. Based on a significant difference in the analysis of variance test, post hoc pairwise comparisons were conducted to identify the differences between the disinfectants and MPDSs.

Results {#sec3}
=======

Multipurpose Solution Susceptibilities {#sec3-1}
--------------------------------------

Contact lens-related isolates of *P* *aeruginosa* showed variations in their susceptibility to Renu Advanced Formula, OPTI-Free PureMoist, Complete RevitaLens OcuTec, and Biotrue, exhibiting different MIC and MBC levels to each of the MPDS ([Table 3](#tbl3){ref-type="table"}). When all four MPDSs were used at 100% concentration, they all reduced the bacterial growth to below the limit of detection (i.e., no bacteria grew on the agar plates). However, at other dilutions, there were differences in MICs and MBCs between the MPDSs. In general, the MBC of each MPDS was equivalent to twice its MIC. Overall, Renu Advanced formula had the lowest average MIC (7.9%) and MBC (15.8%), followed by OPTI-FREE PureMoist (average MIC 11.02, MBC 22.05), Complete RevitaLens OcuTec (average MIC 15.7%, MBC 32.7%), and Biotrue (average MIC 19.37%, MBC 38.7%; [Fig. 1](#fig1){ref-type="fig"}).

###### 

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) (% of Original) of MPDS

                 Complete           Renu                           
  ----- ------- ---------- ------- ------- ------- ------- ------- -------
  115   11.36     22.72    11.36    45.45   11.36   22.72  5.68    11.36
  116   5.68      11.36    11.36    22.72   11.36   22.72  11.36   22.72
  121   22.72     45.45    22.72    45.45   22.72   45.45  11.36   22.72
  123   11.36     22.72    22.72    45.45   22.72   45.45  11.36   22.72
  124   11.36     22.72    22.72    45.45   22.72   45.45  11.36   22.72
  126   11.36     22.72    11.36    22.72   22.72   45.45  11.36   22.72
  127   5.68      11.36    5.68     11.36   11.36   22.72  11.36   22.72
  129   11.36     22.72    11.36    22.72   22.72   45.45  11.36   22.72
  155   11.36     22.72    11.36    22.72   11.36   22.72  5.68    11.36
  162   11.36     22.72    11.36    22.72   22.72   45.45  5.68    11.36
  165   11.36     22.72    22.72    45.45   22.72   45.45  5.68    11.36
  169   5.68      11.36    11.36    22.72   22.72   45.45  5.68    11.36
  174   11.36     22.72    11.36    22.72   11.36   22.72  2.84    5.68
  176   11.36     22.72    22.72    45.45   22.72   45.45  5.68    11.36
  179   11.36     22.72    11.36    22.72   22.72   45.45  5.68    11.36
  181   11.36     22.72    22.72    45.45   22.72   45.45  11.36   22.72
  182   11.36     22.72    22.72    45.45   22.72   45.45  1.42    2.84

A significant difference among MPDS types was found (*P* = 0.0313; OPTI-FREE PureMoist vs. RevitaLens, *P* ≤ 0.0001; OPTI-FREE PureMoist vs. Biotrue, *P ≤* 0.0001; RevitaLens OcuTec vs. Renu Advanced formula and *P ≤* 0.0001; Biotrue vs. Renu Advanced Formula) except for OPTI-FREE PureMoist vs. Renu Advanced Formula (*P* = 0.25) and RevitaLens OcuTec versus Biotrue (*P* = 0.12).

Inhibition of *P* *aeruginosa* by Disinfectants {#sec3-2}
-----------------------------------------------

Analysis of the disinfectants in the MPDS individually showed that all the disinfectants gave higher MICs and MBCs than the concentrations in the dilutions of MPDS ([Table 4](#tbl4){ref-type="table"}), indicating that in isolation the disinfectants were less active against *P* *aeruginosa* than when they were formulated into MPDS. For example, OPTI-FREE with Aldox and polyquaternium-1 was effective even when the concentrations of these were reduced to 6 and 10 ppm, respectively, upon diluting the MPDS. Generally, the MBC of each disinfectant was double the MIC. Overall, alexidine had the lowest mean MIC (2.66 ppm) and MBC (5.31 ppm) followed by polyquaternium-1 (mean MIC = 6.2, MBC = 12.5) and the PAPB (mean MIC = 32 ppm; mean MBC = 64 ppm). Aldox had the highest mean MIC (217 ppm) and MBC (435 ppm) among all the disinfectants ([Fig. 2](#fig2){ref-type="fig"}).

###### 

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) of Disinfectants

  ----- ------- ------- ------ ------- ------- ------- -------- ---------
  115    22.72  45.45    2.84  5.64    5.64    11.36   727.27   1454.54
  116    45.45  90.9     2.84  5.64    11.36   22.72   727.27   1454.54
  121    45.45  90.9     2.84  5.64    5.64    11.36   727.27   1454.54
  123    45.45  90.9     2.84  5.64    11.36   22.72   90.9     181.81
  124    22.72  45.45    2.84  5.64    11.36   22.72   90.9     181.81
  126    22.72  45.45    2.84  5.64    5.64    11.36   181.81   363.63
  127    45.45  90.9     2.84  5.64    2.84    5.64    90.9     181.81
  129    45.45  90.9     2.84  5.64    5.64    11.36   45.45    90.9
  155    22.72  45.45    2.84  5.64    11.36   22.72   22.72    45.45
  162    22.72  45.45    1.41  2.84    5.64    11.36   181.81   363.63
  165    22.72  45.45    5.64  11.36   5.64    11.36   90.9     181.81
  169    45.45  90.9     2.84  5.64    5.64    11.36   181.81   363.63
  174    22.72  45.45    0.70  1.41    2.84    5.64    90.9     181.81
  176    22.72  45.45    0.70  1.41    2.84    5.64    90.9     181.81
  179    22.72  45.45    2.84  5.64    1.41    2.84    90.9     181.81
  181    22.72  45.45    2.84  5.64    5.64    11.36   181.81   363.63
  182    45.45  90.9     2.84  5.64    5.64    11.36   90.9     181.81
  ----- ------- ------- ------ ------- ------- ------- -------- ---------

Aldox, myristamidopropyl dimethylamine; PAPB, polyaminopropyl biguanide.

![MICs and MBCs for disinfectants used in the study (mean ± standard deviations). The insert shows a magnified view of the MIC and MBC of the disinfectants PAPB, alexidine, and polyquaternary-1, which have lower MIC/MBCs than Aldox and so are not easily visible on the original graph.](tvst-9-5-2-f002){#fig2}

The comparative activities of each disinfectant based on the MIC and MBC were significantly different from each other (*P ≤* 0.001; alexidine vs. PAPB, *P ≤* 0.001; alexidine vs. Aldox, *P ≤* 0.001; polyquaternium-1 vs. PHMB, *P* = 0.047; polyquaternium-1 vs. Aldox (*P ≤* 0.001) except between Alexidine and polyquaternium-1 (*P* = 0.505) and PHMB and Aldox (*P* = 0.278). By Friedmann\'s two-way analysis of variance, alexidine was ranked lowest having the lowest MIC and therefore the highest antimicrobial activity. This was followed by polyquaternium-1 \> PHMB \> Aldox.

Fractional Inhibitory Concentration of Components of MPDS {#sec3-3}
---------------------------------------------------------

The combinations tested were selected based on their presence in the MPDSs. In dual combinations, none of the disinfectants showed synergistic activity. No interactions between the disinfectants were found for isolate 127 except for the triple combination of the disinfectants. For isolate 123, antagonism was found between polyquad-1 and PAPB; for isolate 155, antagonism occurred between polyquad-1 and alexidine or polyquad-1 and PAPB ([Table 5](#tbl5){ref-type="table"}). For the triple combination, synergy (FICI ≤ 0.5) occurred with all the isolates.

###### 

Fractional Inhibitory Concentration

  *P* *seudomonas*   Disinfectants               MIC in the              Checkerboard  
  ------------------ --------------------------- ---------------------- -------------- ----------------
  P.aer 123          Polyquad-1+Aldox            5.64 + 90.9                 1.5       No interaction
                     Polyquad-1+PAPB             45.45 + 90.9                 6        Antagonism
                     Polyquad-1+Alexidine        5.64 + 5.64                 2.5       No interaction
                     Polyquad-1+PAPB+Alexidine   0.78 + 2.84 + 0.78          0.36      Synergy
  P.aer 127          Polyquad-1+Aldox            2.84 + 11.36               1.125      No interaction
                     Polyquad-1+PAPB             4.5 + 90.9                  3.6       No interaction
                     Polyquad-1+Alexidine        2.5 + 2 .84                 1.2       No interaction
                     Polyquad-1+PAPB+Alexidine   0.0097 + 5.64 + 0.39        0.25      Synergy
  P.aer 155          Polyquad-1+Aldox            11.36 + 45.45                3        No interaction
                     Polyquad-1+PAPB             45.45 + 90.9                 8        Antagonism
                     Polyquad-1+ALX              45.45+ 5                    16.4      Antagonism
                     Polyquad-1+PAPB+Alexidine   0.39+ 2.84+ 0.78            0.4       Synergy

Combined MIC is the that of each disinfectant when tested in combination with other disinfectants.

Aldox, myristamidopropyl dimethylamine; ALX, alexidine; FICI, fractional inhibitory concentration index (synergy: FICI ≤0.5; no interaction: 0.5 \< FICI ≤ 4; and antagonism: FICI \> 4); MIC, minimum inhibitory concentration; PAPB, polyaminopropyl biguanide; Polyquad-1, polyquaternium-1.

Antibiotic Susceptibilities {#sec3-4}
---------------------------

[Table 6](#tbl6){ref-type="table"} summarizes the MIC and MBC levels of the strains. All the tested isolates were susceptible to gentamicin and levofloxacin. For tobramycin, polymyxin B, and piperacillin, 94% of CL (Contact Lens) isolates were susceptible. For ciprofloxacin 88% and ceftazidime, 82% of CL isolates were susceptible. Susceptibility to imipenem was 29%. Strain 127 was a multidrug-resistant strain, resistant to two different classes of antibiotic (the aminoglycoside tobramycin and the beta-lactam ceftazidime). Two isolates, strains 126 and 181, were resistant to two different beta-lactams. One isolate, 123, was resistant to polymyxin B with MIC and MBC values of 1280 µg/mL.

###### 

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) for Contact Lens-Related Keratitis *P* *aeruginosa* Isolate

        Ciprofloxacin    Levofloxacin  Gentamicin    Tobramycin  Piperacillin    Imipenem  Ceftazidime    Polymyxin B                                                         
  ----- --------------- -------------- ------------ ------------ -------------- ---------- ------------- ------------- -------- ---- -------- ---- --------- ----- ---------- ------
  115   0.25 (S)             0.5       0.5 (S)           1       1 (S)              1      0.25 (S)            1       8 (S)    16   4 (I)    8    8 (S)     16    0.25 (S)    0.25
  116   0.25 (S)             0.5       0.5 (S)           1       0.5 (S)            1      0.25 (S)            1       8 (S)    8    4 (I)    4    2 (S)     2     0.5 (S)     0.5
  121   0.25 (S)             0.5       1 (S)             1       0.5 (S)            2      2 (S)               4       2 (S)    4    8 (R)    8    2 (S)     2     1 (S)        1
  123   1 (S)                 1        1 (S)             1       0.25 (S)          0.5     4 (S)               4       8 (S)    16   4 (I)    8    2 (S)     2     1280 (R)    1280
  124   1 (S)                 2        0.5 (S)           1       0.5 (S)            2      0.25 (S)            1       4 (S)    8    8 (R)    16   2 (S)     4     1 (S)        2
  126   0.5 (S)               1        0.5 (S)           1       0.5 (S)            1      0.25 (S)           0.5      8 (S)    16   8 (R)    16   128 (R)   256   1 (S)        2
  127   1 (S)                 2        0.25 (S)          1       2 (S)              4      32 (R)             128      4 (S)    16   4 (I)    8    128 (R)   256   0.5 (S)      1
  129   0.25 (S)              1        0.25 (S)          1       0.25 (S)          0.5     0.25 (S)          0.25      4 (S)    8    4 (I)    8    2 (S)     4     0.25 (S)    0.5
  155   0.25 (S)             0.5       0.25 (S)         0.5      0.25 (S)          0.5     4 (S)               4       4 (S)    4    2 (S)    2    2 (S)     4     0.25 (S)    0.5
  162   0.5 (S)               1        0.5 (S)           1       0.25 (S)          0.5     0.25 (S)            1       8 (S)    8    4 (S)    4    2 (S)     4     0.25 (S)    0.5
  165   1 (S)                 1        0.25 (S)         0.5      0.25 (S)          0.5     0.25 (S)            1       8 (S)    8    16 (R)   16   2 (S)     4     0.25 (S)    0.5
  169   2 (I)                 4        0.25 (S)         0.5      0.25 (S)          0.5     0.25 (S)           0.5      4 (S)    8    2 (S)    4    1 (S)     2     0.25 (S)    0.25
  174   0.25 (S)             0.5       0.25 (S)         0.5      0.25 (S)          0.5     0.25 (S)           0.5      1 (S)    2    8 (R)    16   0.5 (S)   2     0.25 (S)    0.5
  176   0.5 (S)               1        0.25 (S)         0.5      0.25 (S)          0.5     0.25 (S)           0.5      4 (S)    8    2 (S)    8    2 (S)     4     0.25 (S)    0.5
  179   2 (I)                 4        0.25 (S)         0.5      0.25 (S)          0.5     0.5 (S)            0.5      4 (S)    8    2 (S)    4    1 (S)     2     0.25 (S)    0.5
  181   1 (S)                 4        0.25 (S)         0.5      0.25 (S)          0.5     0.25 (S)           0.5      32 (R)   64   4 (I)    8    16 (R)    32    0.5 (S)      1
  182   1 (S)                 2        0.25 (S)         0.5      0.25 (S)          0.5     0.25 (S)           0.5      4 (S)    8    8 (S)    16   1 (S)     2     0.25 (S)    0.5

R, resistant; S, susceptible.

Comparison Among Antibiotics, MPDS, and Disinfectants {#sec3-5}
-----------------------------------------------------

[Table 7](#tbl7){ref-type="table"} shows the comparison of susceptibilities of antibiotics with MPDS and disinfectants. Many isolates that were susceptible to antibiotics were correspondingly not susceptible to disinfectants.

###### 

Heat Map for the Comparative Susceptibilities of Antibiotics and Disinfectants for *P* *aeruginosa* Isolates

  ---------------------------
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  ---------------------------

Aldox, myristamidopropyl dimethylamine; BIO, Biotrue; CEFTA, ceftazidime; CIP, ciprofloxacin; GN, gentamicin; IMI, imipenem;

LEVO, levofloxacin; OPTI, OPTI-FREE PureMoist; PAPB, polyaminopropyl biguanide; PIP, piperacillin; POLYB, polymyxin B; polyquad-1, polyquaternium-1; RENU, Renu Advanced Formula; REV, RevitaLens OcuTec; TOB, tobramycin.

Green: Susceptible; Yellow: Intermediate; Red: Resistant

Discussion {#sec4}
==========

This study reports the in vitro susceptibilities of *P* *aeruginosa* strains isolated from contact lens-related keratitis in Australia to various antimicrobials. The study has demonstrated that strains of *P* *aeruginosa* had different susceptibilities to MPDS, but all strains were susceptible to all the MPDS when they were used at 100% concentrations, indicating good activity overall for the MPDS against *P* *aeruginosa* isolates. The MIC for the disinfectants in the MPDS when tested alone were mostly higher than the concentrations of the disinfectants in the MPDS, yet combinations of the disinfectants found in different MPDSs did not show synergy, suggesting that it is the whole MPDS formulation that results in high antimicrobial activity.

There was a reduction in activity of MPDSs upon dilution (i.e., diluted MPDSs do not completely kill *P* *aeruginosa* strains compared with their 100% concentration). In use, this may result in dilution, drying, or topping off the MPDSs*.* This was repeated following an outbreak of CL-related *Fusarium keratitis* attributed to performance of the MPDS ReNu with MoistureLoc.[@bib33] The data in the current investigation reinforce the need to instruct daily wear contact lens users in the proper use of MPDS and to avoid topping off.

The finding that Renu Advanced was associated with the lowest MICs and MBCs is perhaps not surprising given that this MPDS contains three different disinfectants. Renu Advanced contains alexidine as its primary disinfectant, which is an efficient disinfectant against bacteria[@bib34] and against the biofilms formed by bacteria.[@bib35] In the current study, alexidine had the lowest MIC of any other disinfectant. Another disinfectant present in Renu Advanced is PAPB (PHMB), which has also been proven to be effective against bacteria,[@bib36] particularly *P* *aeruginosa*[@bib37], although in the current study PAPB was less effective than alexidine or polyquaternium-1. Polyquaternium-1 is the third component disinfectant of Renu Advanced and has been shown to have significant activity against *P* *aeruginosa*.[@bib38] Even though the Renu Advanced formula was highly effective against *P* *aeruginosa,* the individual disinfectants were not effective at the concentration in Renu Advanced. However, this tri-disinfectant system was the only formulation to show synergy between the disinfectants which may have contributed to the overall better activity of this product.

The next most effective MPDS was OPTI-FREE PureMoist. This contrasts with the results in another study that compared OPTI-FREE PureMoist and Biotrue, with both MPDSs having similar results.[@bib39] OPTI-FREE PureMoist contains polyquaternium-1, which showed good activity when used alone, as well as aldox. Interestingly, aldox had a relatively high MIC and MBC (i.e., low activity). Aldox is believed to be more effective against fungi.[@bib38] The difference in activity of OPTI-FREE PureMoist compared with the individual disinfectants when used in combination was particularly marked with strain 155, which showed a high level of antagonism between polyquaternium-1 and aldox. This further reinforces the effect of the whole formulation on overall antimicrobial activity. The addition of the antimicrobial ethylenediaminetriacetic acid and surfactants (both known to be antimicrobial)[@bib40] likely resulted in the relatively high antimicrobial activity of OPTI-FREE PureMoist.

Complete RevitaLens OcuTec had a lower efficacy than OPTI-Free PureMoist, although in a previous study[@bib41] both the MPDSs showed similar levels of efficacy. Biotrue has been shown to be more effective compared with OPTI-FREE PureMoist against certain gram-negative bacteria including *Achromobacter xylosoxidans*, *Delftia acidovorans,* and *Stenotrophomonas maltophilia*.[@bib42] However, this finding contrasts with the present study in which Biotrue was the least effective of all the tested MPDS against the *P* *aeruginosa* clinical strains tested. The findings of the current study are in general agreement with another study[@bib37] on the most to least active MPDS, OPTI-FREE PureMoist \> Complete RevitaLens \> Biotrue, against fungal and bacterial isolates including *P* *aeruginosa*.

Individually, disinfectants were not effective against the *P* *aeruginosa* isolates used in this study. The higher MICs and MBCs of individual disinfectants compared with the concentration of these disinfectants at the MICs and MBCs of MPDS suggested that it was the combination of excipients in MPDS that contributed to the inhibition of growth and killing of bacteria. The current study examined whether this effect was due to the combination of disinfectants within the MPDS, but synergy was only observed for the combination of the three disinfectants in Renu Advance. Indeed, for the combination of Polyquad-1+PAPB there was antagonism between the two disinfectants for all the three strains of *P* *aeruginosa* tested. All MPDS contain additional excipients to disinfectants. These include surfactants and ethylenediaminetriacetic acid with their known antimicrobial activity.[@bib40] The other components of MPDS including acids and alcohols may also have antimicrobial activity.[@bib43] Together, it might be the combination of excipients with disinfectants in MPDS that contribute to the overall antimicrobial activity. It would be useful in future studies to test the efficacy of other components of MPDS in combination with the disinfectants and to add a possible comparator with common usage in ophthalmic solutions like benzalkonium chloride in MPDS for rigid gas-permeable lenses (chlorhexidine).

Most of the *P* *aeruginosa* isolates were susceptible to most of the antibiotics except for imipenem, and only one strain showed multiantibiotic resistance (i.e., was resistant to two or more antibiotics from different classes). Few strains were susceptible to the first-generation fluoroquinolone ciprofloxacin (88%) compared with the later generation levofloxacin (100%). This is in contrast to a historical report where more strains were susceptible to ciprofloxacin than levofloxacin[@bib16] and also where susceptibility of both the antimicrobials was equivalent.[@bib44] The lower rate of susceptibility to ciprofloxacin is important because ciprofloxacin is frequently prescribed as monotherapy for the treatment of corneal infections in Australia.[@bib45] Therefore, careful evaluation of changes to the susceptibility of isolates is warranted. Different fluoroquinolones are available in different jurisdictions such as moxifloxacin and besifloxacin in United States, but these are not available in Australia and hence were not included in the present study. The location of the study should determine the panel of antibiotics tested in future studies.

Imipenem was the least effective beta-lactam, with only 29% of strains being susceptible to it. This level of resistance of *P* *aeruginosa* to imipenem has recently been reported.[@bib46] Therefore, imipenem is not a suitable treatment for *P* *aeruginosa* keratitis. Of the aminoglycosides, 100% of the *P* *aeruginosa* isolates were susceptible to gentamicin and 94% to tobramycin. These data are consistent with a surveillance study of keratitis isolates of *P* *aeruginosa* from Sydney, Australia, that showed 100% of isolates were susceptible to these two aminoglycosides.[@bib47] Similar susceptibility (\>99%) to aminoglycoside has been reported from the United States[@bib48], whereas susceptibility to aminoglycosides was lower in Pakistan (36% gentamicin)[@bib49] and India (∼77% to gentamicin).[@bib50]

The resistance to polymyxin B (which potentially shares the same mechanism of action to disinfectants through targeting the cell membrane of bacteria)[@bib51] found in strain 123 might be due to the role of two component systems present in *P* *aeruginosa* including PhoPQ, PmrAB, ParRS, CprRS, and ColRS that, when mutated, result in the modification of lipopolysaccharide and efflux pumps[@bib52] or acquisition of external *mcr-1* gene.[@bib53] This strain showed high MIC and MBC values for MPDS and disinfectants that may be due to the use of the same resistance mechanisms. This requires further investigation. Overall, there was no relationship between resistance to antibiotics and relative resistance to MPDS or disinfectants, even though resistance to disinfectants can be mediated by *qac* genes[@bib54] and these genes can be carried on mobile genetic elements that can also carry antibiotic resistance genes.[@bib55] These findings may indicate that exposure to disinfectants does not contribute to the acquisition of antibiotic resistance genes in *P* *aeruginosa*.
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